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Fine root dynamics is a main driver of soil carbon stocks, particularly in tropical forests,
yet major uncertainties still surround estimates of fine root production and turnover.
This lack of knowledge is largely due to the fact that studying root dynamics in situ,
particularly deep in the soil, remains highly challenging. We explored the interactions
between fine root dynamics, soil depth, and rainfall in mature rubber trees (Hevea
brasiliensis Müll. Arg.) exposed to sub-optimal edaphic and climatic conditions. A root
observation access well was installed in northern Thailand to monitor root dynamics
along a 4.5 m deep soil profile. Image-based measurements of root elongation and
lifespan of individual roots were carried out at monthly intervals over 3 years. Soil
depth was found to have a significant effect on root turnover. Surprisingly, root turnover
increased with soil depth and root half-life was 16, 6–8, and only 4 months at 0.5, 1.0,
2.5, and 3.0 m deep, respectively (with the exception of roots at 4.5 m which had a half-
life similar to that found between depths of 1.0 and 2.5 m). Within the first two meters
of the soil profile, the highest rates of root emergence occurred about 3 months after
the onset of the rainy season, while deeper in the soil, root emergence was not linked to
the rainfall pattern. Root emergence was limited during leaf flushing (between March and
May), particularly within the first two meters of the profile. Between soil depths of 0.5 and
2.0 m, root mortality appeared independent of variations in root emergence, but below
2.0 m, peaks in root emergence and death were synchronized. Shallow parts of the
root system were more responsive to rainfall than their deeper counterparts. Increased
root emergence in deep soil toward the onset of the dry season could correspond to
a drought acclimation mechanism, with the relative importance of deep water capture
increasing once rainfall ceased. The considerable soil depth regularly explored by fine
roots, even though significantly less than in surface layers in terms of root length density
and biomass, will impact strongly the evaluation of soil carbon stocks.
Keywords: deep roots, root phenology, root turnover, soil carbon, root access well, drought
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INTRODUCTION
Fine root production and turnover represent 22% of terrestrial
net primary production globally (McCormack et al., 2015).
Yet there are still major uncertainties about the mechanisms
that control ﬁne root production and turnover. With the
growing global demand for food and plant-derived commodities,
unraveling suchmechanisms is becoming increasingly important,
particularly with the concomitantly pressing need to develop
more sustainable agro-ecosystems. In recent years, rubber
tree (Hevea brasiliensis Müll. Arg.) plantations have rapidly
expanded, especially in marginal regions where the climate
is much drier than in the species’ natural range and where
seasonal drought occurs (Carr, 2011). Soaring prices of natural
rubber in the late 2010s inﬂuenced governmental policies
regarding the expansion of H. brasiliensis cultivation. In
Thailand, the world’s leading latex producer, where the surface
area planted with H. brasiliensis was multiplied by a factor
of 75 between 1980 and 2008, from 24,000 ha−1 to 1.8
million ha−1 (Carr, 2011). Given the stress that tapping, i.e.,
the process by which the latex is collected, already imposes
on H. brasiliensis, the sustainability and proﬁtability of latex
production in such areas could greatly beneﬁt from adapting
tapping modalities by taking into account the physiological
response of trees to water availability (Boithias et al., 2011;
Junjittakarn, 2012).
As roots are conduits for nutrients and water from the soil to
plants, they have a determining role with regard to tree resilience
to a range of environmental constraints, especially water stress
(Boyce, 2005; Lobet et al., 2013). Fine roots are also an integrative
indicator of plant response to environmental factors (Edwards
et al., 2004) and we assume that root production or elongation of
H. brasiliensis is synchronized with rainfall patterns (Green et al.,
2005), although there exists evidence of endogenous controls of
root growth (Abramoﬀ and Finzi, 2015). Therefore, we expect
that ﬁne root growth is arrested during the dry season, but no
data exist to support or refute this hypothesis. Fine roots of trees
contribute to soil water extraction (Danjon et al., 2013), while a
variable (and most often poorly quantiﬁed) share of the water
demand is supplied by deep roots (Maeght et al., 2013). The
measurement of root growth and survival in situ along a deep
soil proﬁle is an approach that can bring essential information to
understanding how trees cope with water-limiting conditions and
tree resilience to such constraints.
Quantifying ﬁne root phenology and mortality down a soil
proﬁle, and particularly in deep soils, will also impact the
evaluation of belowground carbon stocks, an area where data
are scarce (Wauters et al., 2008). This proportion of soil carbon
stocks could well contribute to the balance between the release
and accumulation of carbon ﬂuxes, currently described as the
“missing sink” (Esser et al., 2011). However, to observe and
analyze roots non-destructively within the soil matrix is still a
major scientiﬁc challenge (Virginia and Jarrell, 1987), especially
in deep soil layers and most studies have focused on the
superﬁcial layers of soil (Stone and Kalisz, 1991; Maeght et al.,
2013). Our knowledge of ﬁne root lifespan is also limited,
particularly at depth (Eissenstat and Yanai, 1997).
We hypothesize that: (i) rooting in general is deeper than
commonly assumed, (ii) ﬁne root phenology and mortality are
synchronized with annual patterns of precipitation, (iii) ﬁne
roots growing deep in the soil contribute to the resilience
of H. brasiliensis to frequently occurring drought conditions
in N. E. Thailand. Therefore, we measured seasonal patterns
of ﬁne root production and turnover in a mature stand of
H. brasiliensis, down a 4.5 m soil proﬁle during a 3-year
observation period. We examined the interactions between
ﬁne root dynamics, rainfall, and soil depth and estimated
the relative contribution of ﬁne and deep roots to soil
carbon.
MATERIALS AND METHODS
Study Site and Climate
The ﬁeld site was located at Baan Sila Khu-Muang village,
Buriram province in North East Thailand (N 15◦16′23′′, E
103◦04′51.3′′, 150 m a.s.l.). This region is part of the non-
traditional areas for H. brasiliensis cultivation established since
the 1990s. The experiment was set up in 2006 in a monoclonal
plot of 14 years old trees (RRIM 600 clone developed by the
Rubber Research Institute of Malaysia), planted at 2.5 m × 7.0 m
spacing (∼570 trees ha−1) that had already been tapped for
over 4 years to produce latex. Tapping was performed using a
semi-spiral cut 2 days out of 3 and is largely adapted to the
local climatic conditions. Tapping is usually discontinued for
3–4 months during the dry season. The maximum leaf area index
(LAI), measured using 91 m1 litter traps during the defoliation
period (December–February; Isarangkool Na Ayutthaya et al.,
2010), was estimated to be 3.9 ± 0.7 (mean ± standard
deviation).
This marginal area for rubber tree cultivation is subjected to
the Southeast Asian monsoon, with heavy rainfall between April
and October. Local microclimate was monitored automatically
with a Minimet weather station (Skye Instruments Ltd, UK)
attached to a data logger recording air temperature, relative
humidity, incident short wave radiation and rainfall at 30-min
intervals. Reference evapotranspiration (ET0) was calculated
according to Allen et al. (1998) using the data collected from the
weather station.
Soil Properties
The soil at the study site was a deep loamy sand with limited water
retention capacity, developed on ﬁne sand or coarse silt deposits
with a homogeneous sandy loam texture throughout the proﬁle.
The Ap horizon was a 0.25 m thick remnant from previous
sugar cane (Sacharum oﬃcinarum L.) cultivation (Hartmann
et al., 2006). Clay, silt, and sand contents were 100, 100, and
800 g kg−1, respectively. The clay content increased with depth:
from 150 g kg−1 in the Bt1 horizon (0.25–0.50 m) to 200 g
kg−1 in the Bt2 (0.50–1.0 m). Silt content was similar in all
soil layers throughout the soil proﬁle (100 g kg−1) while sand
decreased to 700 g kg−1 at a depth of 1.0 m. From 100 to
about 4.0 m, these properties remained fairly stable. The laterite
layer was found at a depth of 6.0–7.0 m, as previously observed
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FIGURE 1 | Monthly rainfall, minimum and maximum air temperatures and reference evapotranspiration monitored at the experimental site from
January 2007 to December 2009.
in this region (Cawte and Boyd, 2010). The water table was
not found within the ﬁrst 7 m of the proﬁle, even during
the rainy season. The soil was acidic with a pH ranging from
5.0 to 5.3. Soil organic carbon content was lower than 10 g
kg−1 in the topsoil (Isarangkool Na Ayutthaya et al., 2011).
Typical bulk soil density was 1.55 g cm−3 to a depth of 3.0 m
(Gonkhamdee et al., 2009). Additional soil properties can be
found in Hartmann et al. (2006) and Isarangkool Na Ayutthaya
et al. (2011).
Root Growth Monitoring and Rooting
Profiles
Soil Coring
To quantify carbon stocks associated with ﬁne roots, root
samples were collected at depths corresponding to the depths
covered by root windows. We extracted undisturbed soil cores
using standard soil sample steel rings (diameter 53 mm, height
50 mm and 100 cm3 internal volume, Eijkelkamp Giesbeek, The
Netherlands), in the vicinity of the root access well (n = 12 at
soil depths 0.25, 0.50, 0.75, and 1.0 m; n = 5 at soil depths
1.6, 2.8, and 4.0 m). Root samples were analyzed according
to Pierret et al. (2007b). Roots were ﬁrst washed free of soil
from the undisturbed soil cores and then imaged using a ﬂatbed
scanner (Epson Perfection V700 Photo scanner; Seiko Epson
Corp., Japan) in light transmission mode, at a spatial resolution
of 600 dpi (pixel size of 0.0423 mm). Special care was taken
to separate every root from each other as much as possible,
since overlapping roots are known to impair accurate length
recovery. Speciﬁc root length (SRL) values, i.e., the length of
root per unit dry root biomass, obtained from ﬁne root samples
collected within the ﬁrst meter of the soil proﬁle, were used to
estimate the root dry biomass (RDB) distribution along the 4.5 m
proﬁle observed in the well, based on the following equation:
RDB = RLD × [Z]/SRL (1)
where RDB (in Mg ha−1) is the RDB in a soil depth layer of
thickness [Z] (m), RLD is the root length density (m m−3)
calculated from soil cores, in this soil layer and SRL the speciﬁc
root length (m g−1).
Root Access Well
Root growth was studied using the access well technique
described in Maeght et al. (2013). An access well (0.9 m in
diameter and 4.5 m deep) was installed in July 2006 at a distance
of 1.35 m from two trees and 0.5 m aside from a tree row.
The access well observation technique is an evolution of basic
techniques for root observation at transparent interfaces with soil
(Smit et al., 2000). A total of nine observation windows were
cut through the concrete walls of the well in staggered rows
(with 1.0 and 0.5 m horizontal and vertical spacing, respectively).
Each root window included a speciﬁcally designedmetallic frame
supporting, on its upper side, a piece of 8 mm thick glass
(0.25 m × 0.30 m) pressed against the soil at a 45◦ angle by
means of two threaded rod actuators. On the frame’s lower side,
two guide rails allow the insertion of a standard ﬂatbed scanner.
Overall, given the geometrical arrangement of windows, the soil
depth increments that were accessible were 0.4–0.6, 0.9–1.1, 1.4–
1.6, 1.9–2.1, 2.4–2.6, 2.9–3.1, 3.4–3.6, 3.9–4.1, and 4.4–4.6 m. For
simplicity, these are referred to as 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0, and 4.5 m hereafter. Due to time and ﬁnancial constraints, it
was not possible to build and monitor replicate root access wells
within the framework of this ﬁeld experiment. More details about
the set up of the root access well set be found in Gonkhamdee
et al. (2009) and Maeght et al. (2013).
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FIGURE 2 | Mean root length density (RLD mm/cm3) derived from soil
coring (n = 12 per depth between 0.05 and 1.0 m; n = 5 below 1.0 m)
as a function of soil depth. Note the significant decrease of RLD with
increasing soil depth below 0.25 m and the relative increase of RLD between
2.5 and 3.0 m. Dots are mean values and error bars are 95% confidence
intervals.
Images of roots were taken using a ﬂatbed scanner (HP
Scanjet 4370 Photo scanner at 200 DPI – Hewlett-Packard
Development Company, California) and custom software which
oﬀers a convenient, faster and more accurate record than manual
techniques (Zoon and Tienderen, 1990; Kaspar and Ewing, 1997).
Root windows were scanned at monthly intervals during 3 years
starting in January 2007. This scanning was started 6months after
setting up the access well to avoid recording overproduction of
roots at the onset, as often occurs in mini-rhizotron experiments
(Yuan and Chen, 2012). Long-term observations are also highly
recommended to avoid the risk of overestimating ﬁne root
turnover (Strand et al., 2008). Root growth monitoring was
conducted following a procedure described in Maeght et al.
(2007). Images of the soil and roots in direct contact with each
window were used to estimate root length, radius, and time
of root appearance/disappearance (from which root turnover
was inferred). We used the Gimp freeware package1 to digitize
roots and classify them as live or senescent. Senescent roots are
often diﬃcult to identify with certainty (Majdi et al., 2005). We
considered roots as senescent when they exhibited no elongation
1www.gimp.org
FIGURE 3 | Mean root radius as a function of soil depth (dots) with
95% confidence intervals (error bars). Different letters indicate significant
differences (Tukey HSD with α = 0.05).
and/or radius expansion for at least two successive observation
dates and when their color turned from white to brown.
Senescent roots were considered dead when their color changed
to dark brown/black or when they completely disappeared from
one observation to the next. A total of more than 1500 roots
distributed in 300 images were processed.
Root emergence was quantiﬁed as the number of roots
appearing between two monthly observations divided by the
number of root windows from which this number of roots
was derived (number of new roots per cm2 and per month).
Likewise, root mortality was quantiﬁed as the number of roots
that disappeared between two monthly observations divided by
the number of root windows from which this number of roots
was derived (number of senescent/dead roots per root window
and per month). 95% conﬁdence intervals were computed as an
indicator of the variability of root emergence/mortality across
windows.
Assuming that all roots had emerged at the same time, the half-
life represents the time after which half of all the roots would have
died. Half-life values simplify comparisons between the survival
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of roots that emerged at the onset of the observation period and
for which the time of disappearance could actually be recorded
and that of roots that emerged much later and which died after
the end of the observation period (right-censored data).
Analysis of Root Sample Images
Root length measurements were obtained using IJ_Rhizo’s
implementation of the method developed by Kimura
et al. (1999). IJ_Rhizo (Pierret et al., 2013) is a software
designed to measure roots washed from soil samples
and developed in the ImageJ2 macro language. The
approach developed by Kimura et al. (1999) is based on
discriminating each pixel of the medial axis (or skeleton) of
each digitized root according to its number of orthogonal
and diagonal (vertical or horizontal) neighbors. We also
used IJ_Rhizo to compute frequency distributions of root
radius classes (i.e., the cumulated root length par root radius
class).
Statistical Analyses
All numerical data processing and statistical analyses
were performed within the R environment (version 3.0.2;
R Development Core Team, 2013). We ﬁrst explored our dataset
using a principal component analysis (PCA; “ade4” package,
version 1.6-2). RLD and root radius values are reported as
mean± 95% conﬁdence interval. We applied analysis of variance
with Tukey’s HSD post hoc tests to determine diﬀerences in
root radius at diﬀerent soil depths. We assessed ﬁne root
survival at the depth of each root using a Kaplan–Meier survival
analysis (Kaplan and Meier, 1958) implemented in the “survival”
package (version 2.37-4) of the R environment. For each
individual root, we recorded the time of emergence and the
time to either an event (death) or the end of the study (i.e.,
roots that were still alive at the time of the last observation
were right-censored). Diﬀerences in survivorship of roots that
emerged at diﬀerent soil depths (regardless of their actual time
of emergence) were assessed by post hoc pairwise comparisons
using the Mann–Whitney test with a Bonferroni correction.
Additionally, a Cox proportional hazards regression model
was used to test whether root radius had an inﬂuence on root
survival. Fine root emergence and mortality determined for
each root observation window at monthly intervals are reported
as pseudo-medians derived from the Wilcoxon test ± 95%
conﬁdence intervals.
A PCA (Supplementary Figure S1) indicated that
root emergence was partly explained by rainfall and
evapotranspiration, but the two ﬁrst axes accounted for less
than 50% of the variance. Therefore, we resorted here to a more
descriptive analysis of ﬁne root dynamics. As (i) roots with
lifespans of 30 months and more only occurred between the
surface and a depth of 2.0 m, (ii) roots were thicker above 2.0 m
(with the exception of the 1.5 m depth increment) and (iii)
at depths below 2.0 m, roots emerged at least 12 months later
than at depths above 2.0 m, we chose to analyze separately root
dynamics above and below the soil depth of 2.0 m.
2http://rsbweb.nih.gov/ij/
RESULTS
Climate Measurements
Total annual rainfall during the 3-year period over which the
experiment was conducted, was 965, 1265, and 1002 mm, in
2007, 2008, and 2009, respectively (average: 1077 mm; Figure 1).
Air temperatures increased during the dry season and decreased
following the end of the rainy season (with a range from +8.3
to +40.3◦C). Reference evapotranspiration (ET0) was found to
roughly follow the monsoon regime, with a peak toward the end
of the dry season and a subsequent decrease throughout the rainy
season (Figure 1).
Rooting Profiles
Mean ﬁne RLD derived from soil coring decreased by about one
order of magnitude from a depth of 0.05 to 0.5 m, then declined
slightly from 0.5 to 1.5 m before further increasing at 2.82 m
(F7,55 = 7.49, p< 0.001; Figure 2). A post hoc Tukey test showed
that mean ﬁne RLD was signiﬁcantly higher at 0.05 m than at all
other depths (p< 0.05) and that ﬁne root RLD between 0.25 and
4.0 m were not signiﬁcantly diﬀerent from each other.
Mean root radius measured in root windows signiﬁcantly
varied with soil depth (F8,89 = 34.15, p < 0.001), reaching
0.38 ± 0.03 mm at 0.5, 0.38 ± 0.02 mm at 2.0 m and
0.32 ± 0.02 mm at 1.0 m. At all other soil depths, mean root
radius was fairly constant at 0.23–0.27 mm (Figure 3). A post hoc
TukeyHSD test showed that mean root radii at 0.5 and 2.0mwere
signiﬁcantly higher than those at 1.0 m at p< 0.05 and that mean
root radius at 1.0 m was itself signiﬁcantly higher than those at all
other soil depths (p< 0.05).
Root Emergence and Age Distributions
Roots near the soil surface (0.0–0.5 m) had a signiﬁcantly longer
life span compared to that in deeper soil layers (Figure 4A).
There was a signiﬁcant eﬀect of soil depth on root age
(c2 = 94.93, p < 0.001). Roots with life spans of 30 months and
more were only observed between the surface and a depth of
2.0 m.
Roots ﬁrst emerged in layers close to the soil surface (0.5
and 1.0 m) and at 3.5 m, i.e., within the ﬁrst 6 months of the
observation period. However, at depths of 2.5, 3.0, and 4.0 m,
roots did not emerge until 11–17 months after the beginning
of the observation period (Figure 4B). Root emergence diﬀered
signiﬁcantly depending on soil depth (F8,89 = 34.15, p < 0.001).
Root emergence occurred signiﬁcantly earlier (p < 0.05) in the
three top windows (means were: 11, 14, and 17 months at 0.5,
1.0, and 1.5 m, respectively) than in the deeper windows (means
were: 21–25 months).
Root Survival
Kaplan and Meier (1958) curves showed that, overall, root half-
life decreased with soil depth, with the half-life of roots at
0.5 m being in the order of 500 days (>16 months; turnover
of 0.73 yr−1). The half-life of roots between 1.0 and 2.5 m was
about 180–250 days (6–8 months; turnover 1.46–2.03 yr−1) and
that of roots at 3.0 m and below dropped to less than 120 days
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FIGURE 4 | (A) Box-whisker plot of root age distributions in each root window (for live and dead roots combined). (B) Distribution of the times of emergence of roots
for each root window. The central vertical line indicates the median value, and the left and right edges of boxes (hinges) correspond to the 25th and 75th percentile
values, while the whiskers extend 1.5× beyond the spread of the hinges. Data points outside this range (outliers) are indicated with circles.
FIGURE 5 | Kaplan–Meier survival probability of roots depending on soil depth (see legend). The dotted horizontal line indicates a survival probability of
50%: the abscissa at which a given Kaplan–Meier curves intersects this line represents the half-life of roots corresponding to this survival curve, i.e., the estimated
time required for half of the roots observed at any given point in time to have died.
(∼4 months; turnover 3.04 yr−1), with the exception of roots at
4.5 m; the latter had a half-life similar to that found between 1.0
and 2.5 m (Figure 5). Soil depth signiﬁcantly aﬀected root half-
life values (χ2 = 89.9, p< 0.001) and survival at 0.5 m was longer
than that at all other depths (p < 0.05) except for 2.5 and 1.5 m,
while there was no diﬀerence in root survival between depths of
3.5–4.5 m.
Diﬀerences in root survival might be related in part,
to root branching order, with higher branching order roots
(Pregitzer et al., 2002), living longer, i.e., thicker roots
observed at 0.5 m (Figure 3). This could be putatively
associated with slower turnover compared to lower order
roots (Yao et al., 2009; Sun et al., 2012). However, a
Cox proportional hazards model including root radius as a
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FIGURE 6 | Dynamics of root emergence over 3 years within the top 0.5–2.0 m of the soil profile (A) and between 2.5 and 4.5 m (B). Asterisks are
emerging root counts determined in every root window at monthly intervals. Open circles represent the pseudo-median of emerging root counts in root windows
(n = 4 and n = 5 for the upper and lower plots, respectively) and dashed lines are 95% confidence intervals estimated using the Wilcoxon signed rank test.
covariate of soil depth showed that root survival was clearly
inﬂuenced by soil depth (p < 0.001) and not by root radius
(p = 0.25).
Root Dynamics as a Function of Soil
Depth and Rainfall
Root emergence between soil depths of 0.5 and 2.0 m ranged
from 1.60 to 107.42 × 10−3 emerging roots cm−2 month−1,
with an average of 7.33 × 10−3 emerging roots cm−2 month−1
(Figure 6A). Despite much variability, root emergence tended
to be lowest in the ﬁrst 3–4 months of each observed year,
followed by an increase that lasted at least until the month of
November (although there was much variability between depth
increments and observation years, Figure 6A). During the ﬁrst
2 years, root emergence increased approximately 3 months after
the ﬁrst rainfall, usually in the month of June. Root emergence
could occur at relatively high rates during defoliation but was
generally low during leaf ﬂushing (Figure 6A). The dynamics of
root emergence observed below 2.0 m was radically diﬀerent with
root emergence ranging from 1.60 to 128.27 × 10−3 emerging
roots cm−2 month−1, with a mean of 7.11 × 10−3 emerging
roots cm−2 month−1 (Figure 6B). There was very limited root
growth until the 11th month of the observation period – or
14months after root windows were installed – (i.e., until the onset
of the ﬁrst dry season and during leaf fall). Beyond that point in
time, root emergence subsided until February 2008 and increased
again and remained relatively high for 1 year (with a mean of
11.81 × 10−3 emerging roots cm−2 month−1). Subsequently,
root emergence slowed down and became more stable over time
with a mean of 6.57 × 10−3 emerging roots cm−2 month−1
(Figure 6B).
The range of root mortality between soil depths of 0.5 and
2.0 m was 1.60 to 40.08 × 10−3 dead roots cm2 month, with
an average of 6.33 × 10−3 emerging roots cm−2 month−1
(Figure 7A). Root mortality at these soil depths was relatively
stable over time with the highest mortality rates observed
from August to January. Below a depth of 2.0 m, the range
of root mortality was 1.60–78.56 × 10−3 dead roots cm−2
month−1, with an average of 5.28 × 10−3 emerging roots
cm−2 month−1 (Figure 7B). Following the initial period of root
emergence at these soil depths, root mortality tended to remain
at relatively high levels from June 2008 until June 2009 (a mean
of 10.04 × 10−3 emerging roots cm−2 month−1), beyond which
it stabilized at a lower level of 6.65 × 10−3 emerging roots cm−2
month−1.
Bivariate plots of monthly root length variations as a
function of (1) average monthly rainfall, (2) monthly average
of minimum daily soil temperature, and (3) average reference
evapotranspiration are given in Supplementary Figure S2.
There was a weak yet signiﬁcant (as indicated by the low
R-squared and p-values of the regressions) positive relationship
between, on the one hand, average monthly rainfall and
monthly root length variations (Supplementary Figure S2A) and
on the other hand, monthly average of minimum daily soil
temperature and monthly root length variations (Supplementary
Figure S2C).
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FIGURE 7 | Dynamics of root mortality over 3 years within the top 0.5–2.0m of the soil profile (A) and between 2.5 and 4.5 m (B). Asterisks are emerging
root counts determined in every root window at monthly intervals. Open circles represent the pseudo-median of dead root counts in the deeper root windows (n = 4
and n = 5 for the upper and lower plots, respectively) and dashed lines are 95% confidence intervals estimated using the Wilcoxon signed rank test.
DISCUSSION
Fine Root Emergence
We showed that root phenology diﬀered along the soil proﬁle
and was not synchronized with rainfall patterns as we had
hypothesized, particularly below a depth of 2.0 m. Within
the ﬁrst 2 m of the soil proﬁle, the highest rates of root
emergence occurred about 3 months after the onset of the
rainy season, while deeper in the soil, root emergence remained
low until the 11th month of the observation period and was
not correlated with the rainfall pattern. Therefore, the shallow
parts of the root system were more responsive to rainfall, as
roots near the soil surface capture water from rainfall more
readily than deeper roots. Deep roots only emerged once
rainfall became scarcer and may reﬂect the need for trees
to use increasingly deeper water resources during the dry
season.
Below 2.0 m, the ﬁrst peak of root emergence rates occurred
in November and December 2007, followed by a period of
high root emergence that spanned from July 2008 to January
2009 (with the maximum peak in January 2009). Surprisingly,
the highest emergence rates below 2.0 m occurred during
the period of aerial dormancy, i.e., with no leaves supplying
resources for root growth through photosynthesis. Similar
results, whereby broadleaf tree root growth occurs signiﬁcantly
during a period of aerial dormancy, were also found in a
Mediterranean climate in Juglans regia L. (Germon et al., under
revision). Abramoﬀ and Finzi (2015) suggest that endogenous
cuing (i.e., any factor that aﬀects growth other than climate),
and subsequent allocation of stored non-structural carbohydrates
(NSC) are dominant drivers of root growth in subtropical and
Mediterranean trees. Although the climate in our study was
tropical, distinct rainy seasons are present, but soil and air
temperatures remain warm, therefore water supply is likely
the main limiting climatic factor, particularly in the upper
soil horizons where less buﬀering exists against soil drying.
In deeper soils, thermic and hydric buﬀering should thus
allow for more constant rates of root growth throughout the
year if endogenous cuing is not the main driver of growth.
However, we found that the peak of deep root growth was
delayed until late into the dry season. As tree root and
stem NSC usually decline during the growing season and re-
accumulate during aerial dormancy (Richardson et al., 2013),
NSC re-accumulation rates may diﬀer between shallow and
deep roots, with a time lag resulting in delayed deep root
growth. Nevertheless, as root emergence rates were so diﬀerent
between shallow and deep roots, it may be that the drivers
between the two compartments are separate and distinct, with
rainfall driving shallow root growth and endogenous cuing
driving deep root growth. However, further studies using isotopes
would be needed to support this hypothesis (Trumbore et al.,
2006).
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Between soil depths of 0.5 and 2.0 m, root mortality was
relatively disconnected from variations in root emergence,
although higher mortality values occurred toward the end of
the rainy season, as did the highest emergence values. Below
2.0 m, from 2008 onward, peaks in root emergence and
death were largely synchronized, e.g., in June and September
2008 as well as April–May 2009, suggesting the existence of
a mechanism for the replacement of recently senesced roots.
It is also possible that deep roots that ﬁrst grew after the
installation of the well, began to die, either because they could
not be maintained by the tree (too costly in terms of resources)
or because the relatively high rates of emergence during the
second year were a response to the disturbance caused by
the well installation, as often occurs in rhizotron experiments
(Strand et al., 2008). Roots growing in the direction of the
well may have had reduced access to resources (since the
volume occupied by the well was inaccessible) thus suppressing
root emergence (feedback response). Observed diﬀerences in
root emergence could also be related to the presence/absence
of roots in the immediate vicinity of observation windows,
prior to their installation which increased the probability for
early root emergence in windows near pre-existing roots. The
total higher and lower rates of root emergence observed in
2008 and 2009, respectively, may also have been inﬂuenced
by the total annual precipitation, which in 2009 (1002 mm)
was only 79% of that in 2008 (1265 mm). The year 2007 was
the driest during the observation period with only 965 mm
total annual precipitation. However, the second semester of
year 2009, was the driest second semester of the monitoring
period with only 78% of the rainfall that had been monitored
for the same period in the two preceding years. In the ﬁrst
3 months of the rainy season 2009 (April–June) it rained less
than 60% of that for the same period in 2008. However, the
reduced emergence within the ﬁrst 2 m, putatively related to
drier conditions during the rainy season, was not counter-
balanced by increased emergence at depth. Therefore, while
our data support the hypothesis that deep root emergence
might correspond to a safety net against water stress during
the dry season, they do not point at the existence of a
similar mechanism against dry periods occurring during the wet
season.
The peak of evapotranspiration that occurs every year around
March–April, was highest in 2007, intermediate in 2008 and
lowest in 2009 (it did not occur in 2009 as high rainfall
occurred as soon as March 2009). We hypothesize that high
evaporative demand may be a signal that triggers root growth
at the onset of the rainy season, particularly near the soil
surface and the low evapotranspiration observed in 2009 may
have resulted in a weaker pattern of root emergence in that
year.
At all depths, in 2008, root emergence reached its lowest level
throughout the period during which trees had already shed old
leaves but not yet started to grow new leaves (i.e., February).
Although this pattern could not be observed in the previous and
following years, it might correspond to a dormancy state prior to
the resumption of physiological activity with the ﬁrst rains of the
season.
Fine Root Turnover
As generally reported in the literature (Chen and Brassard,
2013), we found that soil depth had a signiﬁcant eﬀect on root
turnover, but rather unexpectedly, root turnover increased with
soil depth from 0.73 yr−1 at 0.5 m to 2–3 yr−1 at greater
depths, in sharp contrast with what is generally reported (Wu
et al., 2013). However, most studies have been concerned with
soil depth ranges that were much shallower than those in our
study (Baddeley and Watson, 2005; Chen and Brassard, 2013).
Similarly, we did not ﬁnd any evidence that root radius had an
inﬂuence on longevity, although this has also been reported in
the literature (Baddeley and Watson, 2005; Chen and Brassard,
2013). Furthermore, we did not ﬁnd a linear increase in root
turnover with soil depth over the whole 4.5 m range investigated,
which is consistent with the theory that several factors, both
intrinsic and extrinsic, control ﬁne root life span (Chen and
Brassard, 2013). It is known that environmental parameters
(e.g., temperature, water content, N availability, CO2 partial
pressure) inﬂuence ﬁne root turnover to variable degrees (Vogt
et al., 1996). Therefore, we hypothesize that during dry periods,
deeper distal roots underwent a physiological pruning process,
whereby peripheral organs died, as also observed in shoots of
H. brasiliensis (Chen and Cao, 2015).
Fine Root Biomass and Carbon
Assuming that the RLD values that we obtained from soil coring
are homogeneous over large volumes of soil, it can be inferred
that ﬁne root biomass below a depth of 1.0 m could account for
more than half of the overall ﬁne root biomass of the rubber trees
measured [4.8 t ha−1 between 0.0 and 1.0 m compared to 5.8 t
ha−1 between 1.0 and 4.0 m, with a mean SRL of ∼14 m/g−1
for roots ≤1 mm in diameter (Pierret et al., 2007a)]. As roots
may also be present below a depth of 4 m (the bedrock was
found at 7–8 m), total root biomass may be underestimated.
Assuming that rubber tree root tissues have a mean organic
carbon content of approximately 47% (Wauters et al., 2008),
our results show that rubber tree roots ≤0.5 mm in diameter,
on average account for about 5 t C ha−1. This value is similar,
although slightly higher, than the 1.91–3.72 5 t C ha−1 range
reported byWauters et al. (2008) for coarser roots (2.5–25 mm in
diameter) for a range of rubber tree clones from Western Ghana
and Brazil. Similarly Cheng et al. (2007) estimated carbon stocks
of 16.50 t C ha−1 for roots of all sizes, in rubber tree plantations
at Hainan Island, China and Yuen et al. (2013) calculated total
carbon stocks of the order of 4–32 t C ha−1 for rubber trees at six
locations in Southeast Asia. Hence, the presence of ﬁne roots at
fairly low length densities over considerable soil depths can have
important implications with regard to soil carbon accounting.
As recently pointed out by Yuen et al. (2013), more attention
should be given to sampling roots at appropriate depths if we
are to improve baseline data on belowground carbon stocks. In
addition, it should be acknowledged that there are still major
uncertainties regarding (1) the reliability of coring versus imaging
techniques for quantifying ﬁne root biomass and turnover
(Yuan and Chen, 2012) and (2) the way diﬀerent ﬁne root
deﬁnitions might inﬂuence such quantiﬁcations (McCormack
et al., 2015).
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CONCLUSION
We explored the interactions between ﬁne root dynamics, the
rainfall regime and soil along a 4.5 m proﬁle using a root access-
well. Our results reveal that root growth dynamics in the upper
2 m of soil surface were related mainly to precipitation patterns
(Chairungsee et al., 2013). Deeper in the soil, root growth was
more independent of rainfall and was likely driven by internal
tree carbon allocation. We show that ﬁne root production
will impact soil carbon stocks and was higher than commonly
reported (e.g., Brunner and Godbold, 2007), particularly at depth.
Such an input of ﬁne root related carbon in soils could be all the
more signiﬁcant considering the slow breakdown of ﬁne roots
in some sub-tropical tree species (Xiong et al., 2012). One major
limitation of this work is that observations are taken from a single
location, which means that inference and conclusions cannot be
generalized. The results of this study thus advocate in favor of
more ﬁeld studies aimed at assessing precisely the production and
fate of ﬁne roots, not only near the soil surface but also very deep
in the soil.
AUTHOR CONTRIBUTIONS
JLM and AP designed the experimental setup, implemented
it in the ﬁeld, analysed the data and wrote the paper.
SG and SINA performed data collection in the ﬁeld.
CC, AS and SG have contributed signiﬁcantly to the
data analysis, discussing the results and writing of the
paper.
ACKNOWLEDGMENTS
This research was funded by the French Institute of Research
for Development (IRD), France, the French Institute for
Natural Rubber (IFC), France, and Michelin/Socﬁnco/SIPH
Rubber Tree Plantations Companies. We would also like to
thank all our Thai counterparts from Khon Kaen University
(KKU), Land Development Department (LDD), and the owner
of the plantation (Mr. Chaipat Sirichaiboonwat) who kindly
welcomed us. The authors also wish to thanks Drs. D. Nandris
and F. Do (IRD) for their interest in and support of this
research.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fpls.
2015.01022
REFERENCES
Abramoﬀ, R. Z., and Finzi, A. C. (2015). Are above- and below-ground phenology
in sync? New Phytol. 205, 1054–1061. doi: 10.1111/nph.13111
Allen, R. G., Pereira, L. S., Raes, D., Smith, M., and Ab, W. (1998). Crop
Evapotranspiration - Guidelines for Computing Crop Water Requirements - FAO
Irrigation and Drainage Paper 56. Rome: FAO, 1–15.
Baddeley, J. A., and Watson, C. A. (2005). Inﬂuences of root diameter, tree age,
soil depth and season on ﬁne root survivorship in Prunus avium. Plant Soil 276,
15–22. doi: 10.1007/s11104-005-0263-6
Boithias, L., Do, F. C., Isarangkool Na Ayutthaya, S., Junjittakarn, J., Siltecho, S.,
and Hammecker, C. (2011). Transpiration, growth and latex production of
a Hevea brasiliensis stand facing drought in northeast Thailand: the use of
the WaNuLCAS model as an exploratory tool. Exp. Agric. 48, 49–63. doi:
10.1017/S001447971100086X
Boyce, K. C. (2005). “The evolutionary history of roots and leaves,” in Vascular
Transport in Plants, eds N. M. Holbrook and M. A. Zwieniecki (San Diego, CA:
Elsevier), 479–500.
Brunner, I., and Godbold, D. L. (2007). Tree roots in a changing world. J. For. Res.
12, 78–82. doi: 10.1007/s10310-006-0261-4
Carr, M. K. V. (2011). The water relations of rubber (Hevea brasiliensis): a review.
Exp. Agric. 48, 176–193. doi: 10.1017/S0014479711000901
Cawte, H. J., and Boyd, W. E. (2010). Laterite nodules: a credible source of
iron ore in iron age northeast Thailand? Geoarchaeology 25, 626–644. doi:
10.1002/gea.20326
Chairungsee, N., Gay, F., Thaler, P., Kasemsap, P., Thanisawanyangkura, S.,
Chantuma, A., et al. (2013). Impact of tapping and soil water status on ﬁne root
dynamics in a rubber tree plantation in Thailand. Front. Plant Sci. 4:538. doi:
10.3389/fpls.2013.00538
Chen, H. Y. H., and Brassard, B. W. (2013). Intrinsic and extrinsic con-
trols of ﬁne root life span. Crit. Rev. Plant Sci. 32, 151–161. doi:
10.1080/07352689.2012.734742
Chen, J.-W., and Cao, K.-F. (2015). A possible link between hydraulic properties
and leaf habits in Hevea brasiliensis. Funct. Plant Biol. 42, 718–726. doi:
10.1071/FP14294
Cheng, C.-M., Wang, R.-S., and Jiang, J.-S. (2007). Variation of soil fertility and
carbon sequestration by planting Hevea brasiliensis in Hainan Island, China.
J. Environ. Sci. 19, 348–352. doi: 10.1016/S1001-0742(07)60057-6
Danjon, F., Stokes, A., and Bakker, M. R. (2013). “Root systems of woody plants,” in
Plant Roots Hidden Half, 4th Edn, eds A. Eshel and T. Beeckman (Boca Raton,
FL: CRC Press), 29.1–29.21.
Edwards, E. J., Benham, D. G., Marland, L. A., and Fitter, A. H.
(2004). Root production is determined by radiation ﬂux in a
temperate grassland community. Glob. Chang. Biol. 10, 209–227. doi:
10.1111/j.1365-2486.2004.00729.x
Eissenstat, D. M., and Yanai, R. D. (1997). The ecology of root lifespan
advances in ecological research. Adv. Ecol. Res. 27, 1–60. doi: 10.1016/S0065-
2504(08)60005-7
Esser, G., Kattge, J., and Sakalli, A. (2011). Feedback of carbon and nitrogen cycles
enhances carbon sequestration in the terrestrial biosphere. Glob. Chang. Biol.
17, 819–842. doi: 10.1111/j.1365-2486.2010.02261.x
Gonkhamdee, S., Maeght, J. L., Do, F., and Pierret, A. (2009). Growth dynamics of
ﬁne Hevea brasiliensis roots along a 4.5-m soil proﬁle. Khon Kaen Agric. J. 37,
265–276.
Green, J. J., Dawson, L. A., Proctor, J., Duﬀ, E. I., and Elston, D. A. (2005). Fine root
dynamics in a tropical rain forest is inﬂuenced by rainfall. Plant Soil 276, 23–32.
doi: 10.1007/s11104-004-0331-3
Hartmann, C., Lesturgez, G., Do, F. C., Maeght, J. L., Isarangkool, S., Ayutthaya, N.,
et al. (2006). “Rubber tree trunk phloemnecrosis (TPN) in northeast thailand: 1.
Investigations on soil heterogeneities linked to disease outbreak,” in Proceedings
of the International Natural Rubber Conference - IRRDB Annual Meetinge, Ho
Chi Minh City, 139–156.
Isarangkool Na Ayutthaya, S., Do, F. C., Pannengpetch, K., Junjittakarn, J., Maeght,
J.-L., Rocheteau, A., et al. (2010). Transient thermal dissipation method of
xylem sap ﬂow measurement: multi-species calibration and ﬁeld evaluation.
Tree Physiol. 30, 139–148. doi: 10.1093/treephys/tpp092
Isarangkool Na Ayutthaya, S., Do, F. C., Pannangpetch, K., Junjittakarn, J, Maeght,
J.-L., Rocheteau, A., et al. (2011). Water loss regulation in mature Hevea
brasiliensis: eﬀects of intermittent drought in the rainy season and hydraulic
regulation. Tree Physiol. 31, 751–762. doi: 10.1093/treephys/tpr058
Frontiers in Plant Science | www.frontiersin.org 10 November 2015 | Volume 6 | Article 1022
Maeght et al. Fine Root Dynamics in Hevea
Junjittakarn, J. (2012). Short term eﬀects of latex tapping on micro-changes of
trunk girth inHevea brasiliensis. Aust. J. Crop Sci. 6, 65–72.
Kaplan, E. L., and Meier, P. (1958). Nonparametric estimation from
incomplete observations. J. Am. Stat. Assoc. 53, 457–481. doi:
10.1080/01621459.1958.10501452
Kaspar, T. C., and Ewing, R. P. (1997). ROOTEDGE: software for measuring
root length from desktop scanner images. Agron. J. 89, 932. doi:
10.2134/agronj1997.00021962008900060014x
Kimura, K., Kikuchi, S., and Yamasaki, S. (1999). Accurate root length
measurement by image analysis. Plant Soil 216, 117–127. doi:
10.1023/A:1004778925316
Lobet, G., Hachez, C., and Draye, X. (2013). “Root water uptake and water ﬂow in
the soil–root domain,” in Plant Roots: The Hidden Half, eds Y. Waisel, A. Eshel,
and U. Kafkaﬁ (Boca Raton, FL: CRC Press), 24–21.
Maeght, J.-L., Pierret, A., Sanwangsri, M., and Hammecker, C. (2007). “Field
monitoring of rice rhizosphere dynamics in saline soils of NE Thailand,” in
Proceedings of the International Conference Rhizosphere 2, 26-31 August 2007,
Montpellier, 26–31.
Maeght, J.-L., Rewald, B., and Pierret, A. (2013). How to study deep roots—and
why it matters. Front. Plant Sci. 4:299. doi: 10.3389/fpls.2013.00299
Majdi, H., Pregitzer, K., Morén, A.-S., Nylund, J.-E., and Ågren, G. I. (2005).
Measuring ﬁne root turnover in forest ecosystems. Plant Soil 276, 1–8. doi:
10.1007/s11104-005-3104-8
McCormack, M. L., Dickie, I. A., Eissenstat, D. M., Fahey, T. J., Fernandez,
C. W., Guo, D., et al. (2015). Tansley review: redeﬁning ﬁne roots
improves understanding of below- ground contributions to terrestrial biosphere
processes.New Phytol. 207, 505–518. doi: 10.1111/nph.13363
Pierret, A., Doussan, C., Pages, L., Do, F. C., Gonkhamdee, S., Maeght, J. L., et al.
(2007a). Is impeded root growth related to the occurrence of rubber tree trunk
phloemnecrosis (TPN)? Preliminary results fromNEThailand. Paper Presented
at IRRDB Annual Meeting, Siem Reap, 489–498.
Pierret, A., Latchackak, K., Sengtaheuanghoung, O., and Valentin, C. (2007b).
Interactions between root growth, slope and soil detachment depending on land
use: a case study in a small mountain catchment of Northern Laos. Plant Soil
301, 51–64. doi: 10.1007/s11104-007-9413-3
Pierret, A., Gonkhamdee, S., Jourdan, C., and Maeght, J.-L. (2013). IJ_Rhizo: an
open-source software to measure scanned images of root samples. Plant Soil
373, 531–539. doi: 10.1007/s11104-013-1795-9
Pregitzer, K. S., DeForest, J. L., Burton, A. J., Allen, M. F., Ruess, R. W., and
Hendrick, R. L. (2002). Fine root architecture of nine North American trees.
Ecol. Monogr. 72, 293–309.
R Development Core Team (2013). R: A Language and Environment for Statistical
Computing v.3.0.0. Vienna: R Foundation for Statistical Computing. Available
at: http://www.R-project.org/ [accessed April 2013].
Richardson, S. J., Allen, R. B., Buxton, R. P., Easdale, T. A., Hurst, J. M., Morse,
C. W., et al. (2013). Intraspeciﬁc relationships among wood density, leaf
structural traits and environment in four co-occurring species of Nothofagus
in New Zealand. PLoS ONE 8:e58878. doi: 10.1371/journal.pone.0058878
Smit, A. L., Bengough, A. G., Engels, C., van Noordwijk, M., Pellerin, S., and van
de Geijn, S. C. (2000). Root Methods: A Handbook. Berlin: Springer-Verlag, 587.
Stone, E. L., and Kalisz, P. J. (1991). On the maximum extent of tree roots. For. Ecol.
Manage. 46, 59–102. doi: 10.1016/0378-1127(91)90245-Q
Strand, A. E., Pritchard, S. G.,McCormack, M. L., Davis, M. A., and Oren, R. (2008).
Irreconcilable diﬀerences: ﬁne-root life spans and soil carbon persistence.
Science 319, 456–458. doi: 10.1126/science.1151382
Sun, J., Gu, J., and Wang, Z. (2012). Discrepancy in ﬁne root turnover estimates
between diameter-based and branch-order-based approaches: a case study in
two temperate tree species. J. For. Res. 23, 575–581. doi: 10.1007/s11676-012-
0297-6
Trumbore, S., Da Costa, E. S., Nepstad, D. C., Barbosa De Camargo, P., Martinelli,
L. A., Ray, D., et al. (2006). Dynamics of ﬁne root carbon in Amazonian tropical
ecosystems and the contribution of roots to soil respiration. Glob. Change Biol.
12, 217–229. doi: 10.1111/j.1365-2486.2005.001063.x
Virginia, R. A., and Jarrell, W. M. (1987). “Approaches for studying the function
of deep root systems,” in Plant Response to Stress: Functional Analysis in
Mediterranean Ecosystems, Vol. 15, eds J. D. Tenhunen, F. M. Catarino, O. L.
Lange, and W. C. Oechel (Berlin: Springer), 107–127.
Vogt, K. A., Vogt, D. J., Palmiotto, P. A., Boon, P., O’Hara, J., and
Asbjornsen, H. (1996). Review of root dynamics in forest ecosystems grouped
by climate, climatic forest type and species. Plant Soil 187, 159–219. doi:
10.1007/BF00017088
Wauters, J. B., Coudert, S., Grallien, E., Jonard, M., and Ponette, Q. (2008). Carbon
stock in rubber tree plantations in Western Ghana and Mato Grosso (Brazil).
For. Ecol. Manage. 255, 2347–2361. doi: 10.1016/j.foreco.2007.12.038
Wu, Y., Deng, Y., Zhang, J., Wu, J., Tang, Y., Cao, G., et al. (2013). Root size and
soil environments determine root lifespan: evidence from an alpine meadow on
the Tibetan Plateau. Ecol. Res. 28, 493–501. doi: 10.1007/s11284-013-1038-9
Xiong, Y., Fan, P., Fu, S., Zeng, H., and Guo, D. (2012). Slow decomposition and
limited nitrogen release by lower order roots in eight Chinese temperate and
subtropical trees. Plant Soil 363, 19–31. doi: 10.1007/s11104-012-1290-8
Yao, S., Merwin, I. A., and Brown, M. G. (2009). Apple root growth, turnover,
and distribution under diﬀerent orchard groundcover management systems.
HortScience 44, 168–175.
Yuan, Z. Y., and Chen, H. Y. H. (2012). Indirect methods produce higher estimates
of ﬁne root production and turnover rates than direct methods. PLoS ONE
7:e48989. doi: 10.1371/journal.pone.0048989
Yuen, J. Q., Ziegler, A. D., Webb, E. L., and Ryan, C. M. (2013). Uncertainty in
below-ground carbon biomass for major land covers in Southeast Asia. For.
Ecol. Manage. 310, 915–926. doi: 10.1016/j.foreco.2013.09.042
Zoon, F. C., and Tienderen, P. H. (1990). A rapid quantitative measurement of
root length and root branching by microcomputer image analysis. Plant Soil
126, 301–308. doi: 10.1007/BF00012833
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2015 Maeght, Gonkhamdee, Clément, Isarangkool Na Ayutthaya,
Stokes and Pierret. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 11 November 2015 | Volume 6 | Article 1022
